Deuteron jumps along hydrogen bonds in KD2PO4 associated with eGective motion of Slater-Takagi DPO4 and D3PO4 groups are related to the deuteron magnetic-resonance spectrum and relaxation both above and belom the ferroelectric transition temperature T"and to the dielectric relaxation and the domain-wall mobility. Below T, the deuterons assume ordered bond positions, but occasionally jump to the opposite positions. The correlation time for the electric-Geld-gradient fluctuations seen by a deuteron undergoing such motion is found to be short above T, and even shorter below T,. The rms amplitude of the fluctuations drops rapidly below T,. These results are used to explain the temperature dependence of the splitting and lack of line broadening in the deuteron spectrum below T"and the rapid decrease of the spin-lattice transition probabilities below T,. Relaxation data above T"which yielded the energies and fractional populations of DPO4 and D3PO4 groups, are reanalyzed using the recently reported Geld-gradient tensors at the two bond positions. The dielectric relaxation is calculated, and good agreement with the high dielectric loss measured at microwave frequencies is found. The jump time for a DPO4 or D3PO4 group is found to be near li/kT, implying little correlation between successive jumps, in contrast to KH&PO4. This jump time is used in a calculation of domain-wall mobility in KD2PO4.
INTRODUCTION
r lHE ferroelectric transition in KH2PO4-type crystals ..has been shown by neutron-diffraction studies' to be accompanied by occupation by the hydrogen ions of ordered off-center positions in their hydrogen bonds, as was predicted by Slater. ' The ordering does not become complete immediately at the transition temperature T"as indicated by the increase in spontaneous polarization with decreasing temperature. ' The disorder below T, will be shown to be dynamic, involving occasional brief excursions of each hydrogen to the wrong end of its bond. Similar dynamic disorder, but with equal time spent at each end of the bond, had previously been found4 above T.. Because the electricfield-gradient (efg) tensors have diferent values at the two ends of a given bond relative to the crystal axes, as measured by Bjorkstam' in KD2PO4, the deuteron motions affect the deuteron magnetic resonance spectrum and spin-lattice relaxation by means of the interaction of the efg with the deuteron quadrupolar moment. This quadrupolar interaction is a perturbation on the Zeeman energies of the three m levels of the deuterons in the applied magnetic field, and causes a splitting of the two Am=1 transition frequencies. The amount of splitting is proportional to Q,~,~, an efg component in the laboratory reference frame in which s' is the direction of the magnetic held Ho. The efg tensor was determined by Bjorkstam and Uehling'' by observing the splittings as a function of crystal orientation relative to IIO. The 2m=1 and Am=2 transition probabilities for deuteron spin-lattice relaxation have been studied4 as functions of orientation, temperature, and magnetic field. Quadrupolar relaxation due both to slow interbond jumping and fast intrabond jumping of deuterons was found. The activation energy found4 for the intrabond motion was identified as the energy of the DPO4 and D3PO4 groups which were postulated by Takagi' in extending the Slater~theory. In a subsequent extension' of the Slater-Takagi theory, expressions for the fractional populations of these groups and the Slater D2PO4 groups were obtained, as well as expressions for the spontaneous polarization and static dielectric susceptibility as functions of temperature. This paper deals with four dynamical effects of deuteron intrabond motion in KD2PO4, namely, an additional splitting of the deuteron magnetic resonance spectrum below T"a contribution to deuteron spinlattice relaxation, dielectric relaxation at microwave frequencies, and domain-wall motion. An expression for the autocorrelation of the efg fluctuations, valid both above and below T" is obtained and is used to explain the splitting and spin-lattice relaxation. The complex dielectric constant is then calculated and compared with experiment. ' The mean time between successive effective motions of DPO4 and DSPO4 groups is evaluated from the spin-lattice and dielectric relaxation measurements.
This time replaces an arbitrary parameter in the theory" of domain-wall mobility in KD2PO4. The significance of the magnitude of this time relative to the drastic diRerences in intra- bond motion exhibited by KH~PO4 and KD~PO4 "" is discussed.
NATURE OF MOTION
The c-axis projection of the structure of KD2PO4 in the ordered phase is shown in Fig. 1 T""which also governs the density of deuterons in wrong positions, is given by The temperature dependence of the splitting of the X-bond deuteron magnetic resonance in the X-rotation observed by Bjorkstam' can be explained in terms of this correlation time. Above T"as pointed out by Bjorkstam, the deuterons jump back and forth randomly in their bonds with a correlation time so short that the efg's at the two ends of the bond are averaged. Below T, the correlation time becomes even shorter, so the efg's felt by each deuteron will still be averaged. However, the biased nature of the motion below T, will make the average efg approach the efg at the correct end of the bond. The splitting occurs because one end of the bond is correct for half of the deuteron sites, and the other end is correct for the remaining sites. The ratio of the splitting to the maximum splitting is the ratio p of the polarization to the maximum polarization. Figure 3 shows that a splitting proportional to p agrees within experimental error with the measured splitting. Bjorkstam explained the splitting lattice relaxation due to intrabond jumps above T, is used. This value of eq/k=900'K gives the best fit to the measured spontaneous polarization curve, as shown in Fig. 6 Fig. 7 of SU agree quite well with the expressions for I'» and I'2 given in SU, so the corrected expressions in Eqs. (7) and (8) (7) and (8) . Table I is not as good as in Table I 1+exp( -o~/k T)
Here po is related to the electric dipole moments of the various configurations shown in Fig. 2 The good agreement with experiment, using only one adjustable parameter To which has almost the same value as the corresponding parameter To, for deuteron relaxation, is regarded as convincing evidence that the dielectric relaxation at these high frequencies is due mostly to intrabond deuteron motion. Some additional support for this conclusion is given in Fig. 6 
